Abstract Based on the growing evidence that Gprotein coupled receptors (GPCRs) form homo-and hetero-oligomers, models of GPCR signaling are now considering macromolecular assemblies rather than monomers, with the homo-dimer regarded as the minimal oligomeric arrangement required for functional coupling to the G-protein. The dynamic mechanisms of such signaling assemblies are unknown. To gain some insight into properties of GPCR dimers that may be relevant to functional mechanisms, we study their current structural prototype, rhodopsin. We have carried out nanosecond time-scale molecular dynamics (MD) simulations of a rhodopsin dimer and compared the results to the monomer simulated in the same type of bilayer membrane model composed of an equilibrated unit cell of hydrated palmitoyl-oleoyl-phosphatidyl choline (POPC). The dynamic representation of the homo-dimer reveals the location of structural changes in several regions of the monomeric subunits. These changes appear to be more pronounced at the dimerization interface that had been shown to be involved in the activation process [Proc Natl Acad Sci USA 102:17495, 2005]. The results are consistent with a model of GPCR activation that involves allosteric modulation through a single GPCR subunit per dimer.
Introduction
The growing understanding of the signaling mechanism of G protein-coupled receptors (GPCRs) has been complicated recently by compelling evidence that these receptors can be organized in the cell membrane as homo-or hetero-oligomers [1] [2] [3] [4] [5] [6] [7] . As it becomes clearer that such oligomeric structures are important for activation [8] and have physiological relevance [9] functional models of GPCR dimers/oligomers are needed to characterize the structural context of receptor association, and its implication in receptor function.
Recent results from Palczewski's lab [10, 11] have suggested that a dimer, or even a larger oligomer, is involved in the functional coupling of rhodopsin to the hetero-trimeric G-protein transducin. Although monomers of rhodopsin are capable of activating transducin, the dimeric form of this prototypic GPCR has been shown to couple the G-protein more efficiently [12] . Using data from atomic force microscopy maps of rhodopsin in its native disk membrane [13] together with information from the receptor crystal structure [14], Palczewski's lab proposed the first threedimensional molecular model of a rhodopsin oligomer [11] . This model showed a macromolecular arrangement of rhodopsin molecules into two dimensional arrays of dimers involved in both intra-dimeric interactions through transmembrane (TM) helices 4 and 5 (TM4 and TM5), and inter-dimeric interactions of TM1, TM2, and the cytoplasmic loop connecting TM5 and TM6. Results from a very short unconstrained 500 ps molecular dynamics (MD) simulation of this model embedded in a lipid bilayer agreed with the intra-dimeric distances between the rhodopsin monomers determined in the paracrystal [10] . Interestingly, recent cross-linking studies of opsin molecules in COS1 cells [15] confirmed Palczewski's TM4,5-TM4,5 dimer interface by showing that amino acids at the dimer interface of opsin molecules include residues W175 and Y206, which are present on the extracellular loop connecting TM4 and TM5, and on the extracellular side of TM5, respectively.
Even with this oligomeric geometry as a reasonable form of GPCR association (at least for rhodopsin), it is still unclear whether both monomers in a dimer would be turned on for signal transduction, or whether one activated subunit is sufficient to activate the G-protein.
If there is asymmetry in the activation process, it is also a question whether all GPCRs undergo trans-activation so that ligand-binding to one dimeric subunit affects the conformation of the unliganded subunit, which then couples to the G-protein. Several experimental observations (recently reviewed in [6] ) are consistent with the possibility of asymmetric functioning for various members of the GPCR superfamily, including rhodopsin. In fact, since a single photon can be detected by the retina [5] , one rhodopsin molecule would be sufficient to activate the G-protein. Asymmetric functioning has been demonstrated for Class C GPCRs, such as the c-aminobutyric acid B (GABA B ) receptors and the metabotropic glutamate receptors (mGluRs). These receptors are considered prototypical dimeric receptor models as their functional unit consists of constitutive dimers [16] . The GABA B(1) -GABA B(2) hetero-dimer provides the most unequivocal evidence for a GPCR dimer functioning via trans-activation: one ligandbound subunit is not capable of G-protein coupling, whereas the other subunit within the hetero-dimer can bind the G-protein, but not the ligand [17] [18] [19] . The asymmetric interaction between the hetero-trimeric Gprotein and a symmetric GPCR dimer proposed recently from molecular modeling studies [10] constitutes an attractive explanation for the loss of symmetry in a GPCR homo-dimer [20, 21] . However, experimental data on GPCR dimers in their physiological settings, i.e. in the presence of G proteins, are still required to settle this issue.
Reviews and compendia of results from both experimental and computational studies (e.g., see [22, 23] for recent reviews) have discussed fundamental questions regarding the molecular and structural requirements for GPCR function. More often than not, the activation mechanism of a GPCR has been associated with dynamic changes in the monomer, with the most established conformational change involving TM6 and its movement away from TM3 in the cytoplasmic end of the TM bundle. For the dopamine D2 receptor more recent data [8] demonstrated that a rearrangement of the dimer interface is a critical component of the activation mechanism. This inference is based on the observation that the susceptibilities to crosslinking of cysteine mutants at the homodimer interface are differentially altered by agonists and inverse agonists. In particular, in the inverse agonist-bound conformation, the TM4 dimer interface is consistent with the dimer model of the inactive form of rhodopsin [11] . On the other hand, agonists accelerate crosslinking of a different set of loci on the TM4 face, and diminish crosslinking on the interface preferred by the inverse agonist [8] . These results indicate that the TM4 interface changes upon activation. Because all these models are based on the structure of rhodopsin, we focus here on the structure of rhodopsin and its dimer model to explore the specifics of the interface dynamics that could be involved in functional signaling. Results from MD simulations of the molecular model of a rhodopsin dimer are compared to corresponding findings for the monomer. We present the results from the first 45 ns of MD simulations of a TM4,5-TM4,5 configuration of the rhodopsin dimer, and of the monomer, in an equilibrated rectangular unit cell of a hydrated palmitoyl-oleoyl-phosphatidyl choline (POPC) bilayer membrane. An essential dynamics analysis of these results reveals specific positions in the dimer where the intrinsic asymmetry of the system is accentuated. This includes the dimerization interface. The pattern of structural flexibility of the dimer model revealed from these MD simulations is in line with the hypothesis suggested by our recent results from a combined experimental and modeling study [8] that a conformational rearrangement of the dimerization interface may be an important part of the allosteric modulation of GPCR function.
Methods

Molecular systems
A refined molecular model of the inactive rhodopsin monomer was constructed using the rhodopsin crystal structure corresponding to the Protein Data Bank
